Abstract Among papers stating a position on anthropogenic global warming (AGW), 97 % endorse AGW. What is happening with the 2 % of papers that reject AGW? We examine a selection of papers rejecting AGW. An analytical tool has been developed to replicate and test the results and methods used in these studies; our replication reveals a number of methodological flaws, and a pattern of common mistakes emerges that is not visible when looking at single isolated cases. Thus, real-life scientific disputes in some cases can be resolved, and we can learn from mistakes. A common denominator seems to be missing contextual information or ignoring information that does not fit the conclusions, be it other relevant work or related geophysical data. In many cases, shortcomings are due to insufficient model evaluation, leading to results that are not universally valid but rather are an artifact of a particular experimental setup. Other typical weaknesses include false dichotomies, inappropriate statistical methods, or basing conclusions on misconceived or incomplete physics. We also argue that science is never settled and that both mainstream and contrarian papers must be subject to sustained scrutiny. The merit of replication is highlighted and we discuss how the quality of the scientific literature may benefit from replication.
Introduction
There is a strong degree of agreement in climate sciences on the question regarding anthropogenic climate change. Anderegg et al. (2010) suggested that 97-98 % of the actively publishing climate researchers support the main conclusions by the Intergovernmental Panel on Climate Change (IPCC) (IPCC 2007) . Cook et al. (2013) reviewed nearly 12,000 climate abstracts and received 1200 self-ratings from the authors of climate science publications. Based on both the abstracts and the self-ratings, they found a 97 % consensus in the relevant peer-reviewed climate science literature on humans causing global warming. This consensus was also noted by Oreskes (2004) , yet a notable proportion of Americans doubt the anthropogenic cause behind the recent climate change (Leiserowitz et al. 2013; Doran and Zimmerman 2009) . There is a lack of public awareness about the level of scientific agreement underpinning the view on anthropogenic global warming. Doran and Zimmerman (2009) reported that 52 % of Americans think that most climate scientists agree that the Earth has been warming in recent years, and 47 % think that climate scientists agree that human activities are a major cause of that warming. Theissen (2011) argued that many US undergraduate students are confused by a number of myths concerning climate change, propagated by blogs and media, and a similar Electronic supplementary material The online version of this article (doi:10.1007/s00704-015-1597-5) contains supplementary material, which is available to authorized users. Bconsensus gap^exists in other countries, for example Australia (Leviston et al. 2012; Lewandowsky et al. 2013 ). This gap of perception can be traced in part to a small number of contrarian papers that have appeared in the scientific literature and are often cited in the public discourse disputing the causes of climate change (Rahmstorf 2012) . The message from these has been picked up by the media, a number of organizations, and blogs and has been turned into videos. For instance, a claim that the atmospheric greenhouse effect is Bsaturated^by a Canadian organization called BFriends of Science^is supported by one contrarian paper (Miskolczi 2010) . A handful of papers (Shaviv 2002; Svensmark 1998; Friis-Christensen and Lassen 1991; Marsh and Svensmark 2000) have provided a basis for videos with titles such as BThe Global Warming Swindle^and BThe cloud mystery.^These have targeted the lay public, who have been left with the impression that greenhouse gases (GHGs) play a minor role in global warming and that the recent warming has been caused by changes in the sun. In the USA, the BNongovernmental International Panel on Climate Change( NIPCC) report (Idso et al. 2009; NIPCC 2013) , the BScience & Environmental Policy Project^(SEPP), and the Heartland Institute have played an active role in the public discourse, providing a platform for the public dissemination of papers at variance with the notion of anthropogenic climate change. In Norway, there have been campaigns led by an organization called BKlimarealistene^which dismisses the conclusions drawn by the IPCC. This Norwegian organization has fed the conclusions from contrarian papers into schools through leaflets sent to the headmasters (Newt and Wiik 2012), following an example set by the Heartland Institute. They have also used a popular website (www.forskning.no) to promote such controversial papers targeting schools and the general public.
Misrepresentation of the climate sciences is a concern, and Somerville and Hassol (2011) have called for the badly needed voice of rational scientists in modern society. There have been attempts in the scientific literature to correct some misconceptions, such as a myth regarding an alleged recent Bslow-downî n global warming, a so-called hiatus. Easterling and Wehner (2009) showed that natural variations give rise to reduced or even negative temperature trends over brief periods; however, this is due to stochastic fluctuations about an underlying warming trend (Foster and Rahmstorf 2011) . Balmaseda et al. (2013) suggested that changes in the winds have resulted in a recent heat accumulation in the deep sea that has masked the surface warming and that the ocean heat content shows a steady increase. Examples of setting the record straight include both scientific papers (Legras et al. 2010; Masuda et al. 2006 ) and blogs such as Climate Dialogue (Vasileiadou 2013) , SkepticalScience.com, and RealClimate.org (Rapley 2012) .
The current situation for the climate sciences has been described as Ba struggle about the truth of the state of climate^( Romm 2010), and a number of books even claim that climate science myths have been introduced to society in a distorted way, causing more confusion than enlightenment (Oreskes and Conway 2008; Gelbspan 1997; Hoggan et al. 2009; Mooney 2006) . Unjustified claims and harsh debates are not new (Sherwood 2011) ; history shows that they have been part of the scientific discourse for a long time. There are few papers in the literature that provide comprehensive analyses of several contrarian papers, and hence, a pattern of similarities between these may go unnoticed. Writing collections of replications of past papers is not the norm, but it is difficult to get published in journals with a set of expected formats or because of high likelihood that one reviewer does not like the implications or conclusions. Some journals do not even allow comments.
An interesting question is whether mistakes are random events or if a number of papers share common flaws of logic or methodology. We expect that scientific papers in general form networks by citing one another, and it is interesting to ask whether conclusions drawn in flawed papers are independent of each other or if errors propagate through further citation. To address this question, we need to identify errors through replicating previous work, following the line from the original information source, via analysis, to the interpretation of the results and the final conclusions, testing methods and assumptions. The objective of this paper is to present an approach to documenting and learning from mistakes. Errors and mistakes are often considered to be an essential ingredient of the learning process (Bedford 2010; Bedford and Cook 2013) , creating potential learning material. The supporting material (SM) contains a number of case studies with examples of scrutiny and replication, providing an in-depth analysis of each paper (Benestad 2014a) . Accompanying open-source software (also part of the SM) includes the source code for all of the analyses (Benestad 2014b, c) . An important point is that this software too is open to scrutiny by other experts and, in the case of replication, represents the Bhard facts^on which the SM and this paper are based.
Results
We review and summarize differences and common features of 38 contrarian papers that dispute anthropogenic global warming. We first grouped the papers into five categories describing how their conclusions depend the analytical setup, statistics, mathematics, physics, and representation of previous results. Most papers fell into the the Banalytical setup^category, and a common logical failure found in these papers was either starting with false assumptions or executing an erroneous analysis. Starting with false assumptions was common in the attribution studies reporting that astronomical forcings influence Earth's climate. Examples of an erroneous analysis found in these papers included improper hypothesis testing and incorrect statistics.
A common feature across all categorieswas a neglect of contextual information, such as relevant literature or other evidence at variance with their conclusions. Several papers also ignored relevant physical interdependencies and consistencies. There was also a typical pattern of insufficient model evaluation, where papers failed to compare models against independent values not used for model development (out-of-sample tests). Insufficient model evaluation is related to over-fitting, where a model involves enough tunable parameters to provide a good fit regardless of the model skill. Another term for over-fitting is Bcurve fitting,^and several such cases involved wavelets, multiple regression, or long-term persistence null models for trend testing. More stringent evaluation would suggest that the results yielded by several papers on our list would fail in a more general context. Such evaluation should also include tests for selfconsistency or applying the methods to synthetic data for which we already know the answer.
False dichotomy was also a common theme, for example, when it is claimed that the sun is the cause of global warming, leaving no room for GHGs even though in reality the two forcings may coexist. In some cases, preprocessing of the data emphasized certain features, leading to logical fallacies. Other issues involved ignoring tests with negative outcomes (Bcherry picking^) or assuming untested presumed dependencies; in these cases, proper evaluation may reduce the risk of such shortcomings. Misrepresentation of statistics leads to incorrect conclusions, and Bcontamination^by external factors caused the data to represent aspects other than those under investigation. The failure to account for the actual degrees of freedom also resulted in incorrect estimation of the confidence interval.
One common factor of contrarian papers included speculations about cycles, and the papers reviewed here reported a wide range of periodicities. Spectral methods tend to find cycles, whether they are real or not, and it is no surprise that a number of periodicities appear when carrying out such analyses. Several papers presented implausible or incomplete physics, and some studies claimed celestial influences but suffered from a lack of clear physical reasoning: in particular, papers claiming to report climate dependence to the solar cycle length (SCL). Conclusions with weak physics basis must still be regarded as speculative.
Discussion and conclusions
Here, we focus on a small sample of papers that have made a discernable mark on the public discourse about climate change; they were selectively picked for close-up study rather than randomly sampled for a statistical representation. Perhaps the most common problem with the cases examined here was missing contextual information (Bthe prosecutor's fallacy^ (Wheelan 2013) ), and there are several plausible explanations for why relevant information may be neglected. The most obvious explanation is that the authors were unaware of such facts. It takes experts to make proper assessments, as it requires scientific skills, an appreciation of both context and theory, and hands-on experience with computer coding and data analysis. There is tacit knowledge, such as the limitation of spectral methods and over-fitting, which may not be appreciated by newcomers to the fields of climate science andclimatology. In some cases, the neglect of relevant information may be linked to defending one's position, as seen in one of the cases with a clear misrepresentation of another study (Benestad 2013) . We also note that several of these papers involved the same authors and that the different cases were not independent even if they involved different shortcomings. Some of the cases also implied interpretations that were incompatible with some of the other cases, such as pronounced externally induced geophysical cycles and a dominant role of long-term persistence (LTP); slow stochastic fluctuations associated with LTP make the detection of meaningful cycles from solar forcing difficult if they shape the dominant character in the geophysical record.
There were also a group of papers (Gerlich and Tscheuschner 2009; Lu 2013; Scafetta 2013 ) that were published in journals whose target topics were remote from climate research. Editors for these journals may not know of suitable reviewers and may assign reviewers who are not peers within the same scientific field and who do not have the background knowledge needed to carry out a proper review. The peer review process in itself is not perfect and does not guarantee veracity (Bohannon 2013) . It is well known that there have been some glitches in the peer review: a paper by Soon and Baliunas (2003) caused the resignation of several editors from the journal Climate Research (Kinne 2003) , and Wagner (Wagner et al. 2011) resigned from the editorship of Remote Sensing over the publication of a paper by Spencer and Braswell (2010) . Copernicus Publications decided on 17 January 2014 to cease the publication of PRP to distance itself from malpractice in the review process that may explain some unusual papers (Benestad 2013; Scafetta 2013) . The common denominators identified here and in the SM can provide some guidelines for future peer reviews.
The merit of replication, by reexamining old publications in order to assess their veracity, is obvious. Science is never settled, and both the scientific consensus and alternative hypotheses should be subject to ongoing questioning, especially in the presence of new evidence and insights. True and universal answers should, in principle, be replicated independently, especially if they have been published in the peer-reviewed scientific literature. Open-source code and data provide the exact recipe that lead to conclusions, but a lack of openness and transparency may represent one obstacle to resolving scientific disputes and progress, such as a refusal to share the code to test diverging conclusions (Le Page 2009) . Indeed, open-source methods are not the current norm for published articles in the scientific journals, and data are often inaccessible due to commercial interests and political reasons.
Bedford (2010) argued that Bagnotology^(the study of how and why we do not know things) presents a potentially useful tool to explore topics where knowledge is or has been contested by different people. The term Bagnotology^was coined by Proctor and Schiebinger (2008) , who provided a collection of essays addressing the question Bwhy we don't know what we don't know?^Their message was that ignorance is a result of both cultural and political struggles as well as an absence of knowledge. The counterpart to agnotology is epistemology, for which science is an important basis. The scientific way of thinking is an ideal means for resolving questions about causality, providing valuable guidance when there are conflicting views on matters concerning physical relationships.
It is widely recognized that climate sciences have profound implications for society (IPCC 2007) , but one concern is that modern research is veering away from the scientific ideal of replication and transparency (Cartlidge 2013a; The Economist 2013) . Unresolved disputes may contribute to confusion if one view is based on faulty analysis or logic (Theissen 2011; Rahmstorf 2012) and are especially unfortunate if the society has to make difficult choices depending on non-transparent knowledge, information, and data. High-profile papers, results influencing decision making, and controversial propositions should be replicated, and openness is needed to avoid nonepistemic consensus and Bgroup think.^It is important that scrutiny and debate are sustained efforts and address both the scientific consensus and alternative views supported by scientific evidence. It is also important that critiques and debates are conveyed by the scientific literature when past findings are challenged. The assessments made by the IPCC could highlight the merit of replication, confirmation, and falsification; however, critics argue that it has failed to correct myths about climate research (Pearce (2010) . The message from the IPCC assessment reports would be more robust if it also made available the source code and data from which its key figures and conclusions are derived. The demonstrations provided here in the SM may serve as an example (Pebesma 2012) , and there are already existing examples where there is free access to climate data (Lawrimore et al. 2013; Cartlidge 2013b ).
The method
The 38 papers selected for this study have all contributed to the gap in perception on anthropogenic climate change between the general public and climate scientists. The sample was drawn based on expert opinion according to the criterion of being contrarian papers with high public visibility and with results that are not in agreement with the mainstream view. The sample was highly selective and meant for replication and the identification of errors rather being a representative statistical sample reflecting the volume of scientific literature. One objection to the selection of the cases here may be that they introduce an Basymmetry^through imperfect sampling; however, the purpose was not to draw general conclusions about the entire body of scientific literature but to learn from mistakes. There may also be flawed papers agreeing with the mainstream view, but they have little effect on the gap of perception between the public perception and the scientific consensus.
The analysis was implemented in the R environment (R Development Core Team 2004). This choice was motivated by the fact that R is free and runs on all common computer platforms, and has accessible online manuals and documentation. R is a scripting language with intuitive logic that provides the opportunity to create R packages (Pebesma 2012) with open-source computer code, user manual pages, necessary data, and examples. All the results and demonstrations presented in this paper are available in the R package BreplicationDemos^(version 1.12) provided as supporting material (Benestad 2014b, c) . In other words, it includes both the ingredients and the recipe for the analyses discussed here.
